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Abstract
The mechanical behavior of Cu-Zr-Al metallic-glass thin ﬁlms under indentation was studied with the molecular dynamics simula-
tion methodology to investigate changes of microstructures through degrees of elastic anisotropy. In this work, the (Cu50Zr50)100−xAlx,
where x is measured by atomic percentage, was studied by molecular dynamics (MD) simulation. Our metallic-glass models were
ﬁrst sputter-deposited on crystalline substrate byMDwith consideration argon working gas. The interaction between argon working
gas and metallic atoms was modeled by the pair-wise Moliere potential. The as-deposited ﬁlms were amorphous after equilibra-
tion, and their mechanical properties were characterized by ultra-nano-indentation simulations by MD with a right-angle diamond
conical indenter tip, as well as a strain perturbation method to identify full elastic constants under the tip. Through region-by-
region probes of the elastic properties of the ﬁlm after being indented, it is found that local elastic anisotropy changes in relation
to locations and penetration depth.
c© 2013 The Authors. Published by Elsevier Ltd.
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1. Introduction
Thin-ﬁlm metallic glass exhibits unique mechanical properties suitable for a variety of engineering applications,
potentially with some tensile ductilities. Its counterpart, the widely known bulk metallic glass, has been researched for
more than ﬁve decades or so, but scientists still conduct intensive research to overcome its brittleness, and to further
understand its deformation mechanisms, including metallic-glass composites for improvements on ductility and other
mechanical properties.
In this work, the Cu-Zr-Al metallic glass is studied, since it has attractive mechanical properties, in particular for
its improved tensile properties, experimentally or theoretically [1–4]. Molecular-dynamics (MD) simulations have
become a general tool in studying deformation mechanisms in materials [5]. Amorphous metallic alloys have local
atomic packing order [6], and this order aﬀects the atomic pair distribution function. Anisotropic pair distributions
may results in elastic anisotropy. Through indentation studies [7,8], hardness and modulus, as well as the pileup
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index,can be obtained [9]. For Cu-Zr-Al metallic glasses thin ﬁlm, several mechanical properties were MD calculated
and compared with experimental data in reasonable agreement [10].
In this work, the MD simulation technique is adopted for simulating both of the sputter deposition and nanoin-
dentation to (Cu50Zr50)100−xAlx metallic-glass thin ﬁlms with various atomic percentage x. In particular, the elastic
constants are calculated, region-by-region, to identify changes of microstructure.
(a) (b)
Fig. 1. (a) A snapshot of (Cu50Zr50)95Al5 thin ﬁlm (1-nm thick) under indentation, and (b) Indentation load-displacement curves. Regions
underneath the indenter tip is labeled.
2. Molecular dynamics simulation
In this work, MD simulations were performed to model the sputter-deposition process to create the initial conﬁgu-
ration of the Cu-Zr-Al ﬁlms, referred to as the as-deposited ﬁlm. In the simulations, a thermal-control-layer-marching
algorithm was adopted to accelerate the deposition [9,10]. The substrate was the (0001) hexagonal closed pack single
crystal titanium. In the deposition and indentation simulations, the tight-binding interatomic potentials were adopted.
For the interaction between the working argon gas and ﬁlm atoms, the pair-wise Molire potential is adopted. The
simulation ensemble was chosen to maintain constant number of atoms (N), constant volume (V) and constant tem-
perature (T), i.e. the NVT ensemble, and temperature was set at T = 300 K for all cases. A typical result of the
deposited metallic glass thin ﬁlm is shown in Figure 1 (a), with the numeric label for region-by-region studies of
elastic anisotropy.
(a) (b)
Fig. 2. (a) Young’s modulus and (b) hardness versus normalized depth, calculated from the indentation simulations.
As for the indentation simulations, a carbon right-angle conical indenter tip was assumed to be rigid, and the
interaction among atoms in the ﬁlm was governed by the tight-binding potential. The interaction between the carbon
atoms and the ﬁlmwas of a Lennard-Jones (LJ) type. The displacement loading rate of the indenter tip was on the order
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of 10 m/s. Hardness and modulus of the ﬁlms are inferred from indentation load-displacement curves by the Oliver-
Pharr method [7]. Atomic strains can be calculated from the atom positions at a given time via a discrete deformation
gradient tensor. The elastic constant calculations were conducted with LAMMPS by a strain perturbation method
[11]. As for boundary conditions under in the simulations, in both of the deposition and indentation simulations,
the periodic boundary conditions (PBC) were adopted in the in-plane dimensions only. No PBC was applied to
the thickness direction. For elastic constant calculations, PBC were applied to all surfaces. Figure 1(b) shows the
indentation load-displacement curves for aluminum content zero, labeled as Al0, up to 12 atomic percent aluminum,
labeled as Al12.
(a) (b) (c)
Fig. 3. Evolution of anisotropy underneath the indenter in (a) Region 1, (b) Region 2 and (c) Region 3.
3. Results and discussion
From the indentation load-displacement curves, shown in Figure 1(b), the Young’s modulus and hardness of the
metallic glass thin ﬁlms can be calculated, as shown in Figure 2, in terms of the normalized penetration depth. With
large depths, the substrate eﬀects cause the calculated mechanical properties heavily contaminated to reﬂect actual
material properties.
(a) (b)
Fig. 4. Evolution of anisotropy underneath the indenter in (a) Region 4 and (b) Region 5.
The elastic anisotropy, deﬁned as A12 = (C11−C12)/(2C66), A13 = (C33−C13)/(2C55) and A23 = (C22−C23)/(2C44),
is shown in Figures 3 and 4, for the ﬁve regions, labeled in Figure 1(a). When A’s are equal to unity, the system
exhibits elastic isotropy. For the region right underneath the tip, as shown in Figure 3 (a), the initial elastic anisotropy
exists, indicating the deposited ﬁlm may not be isotropic. Upon loading, strong anisotropy develops along certain
directions. After unloading, the region appears to be elastic isotropic. Other regions have diﬀerent evolution of the
elastic anisotropy due to under diﬀerent stress ﬁelds.
It is known that the Cu-Zr-Al metallic glass may form a second martensitic phase (Cu50Zr50) in the amorphous
matrix. Our model, since it is from sputter deposition, may contain such a phase with a nucleus size. The possible
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phase transformation associated with the martensitic phase may give rise to unusually mechanical behavior. As a
remark, phase transformation induced negative stiﬀness have been studied at the atomic and continuum levels to
delineate its possible eﬀects on overall mechanical properties [12,13].
4. Conclusions
In summary, the Cu-Zr-Al metallic-glass thin ﬁlms were studied via MD simulations, from manufacturing samples
to characterizing their properties. Calculated mechanical properties is comparable with experimental data. Through
region-by-region studies, it is revealed that evolution of elastic anisotropy vary with the locations and penetration
depth. The developed elastic anisotropy may have its origin in anisotropic pair distribution among atoms.
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